Acute myelogenous leukemias (AMLs) are genetically heterogeneous and characterized by chromosomal rearrangements that produce fusion proteins with aberrant transcriptional regulatory activities. Expression of AML fusion proteins in transgenic mice increases the risk of myeloid leukemias, suggesting that they induce a preleukemic state. The underlying molecular and biological mechanisms are, however, unknown. To address this issue, we performed a systematic analysis of fusion protein transcriptional targets. We expressed AML1/ETO, PML/RAR, and PLZF/RAR in U937 hemopoietic precursor cells and measured global gene expression using oligonucleotide chips. We identified 1,555 genes regulated concordantly by at least two fusion proteins that were further validated in patient samples and finally classified according to available functional information. Strikingly, we found that AML fusion proteins induce genes involved in the maintenance of the stem cell phenotype and repress DNA repair genes, mainly of the base excision repair pathway. Functional studies confirmed that ectopic expression of fusion proteins constitutively activates pathways leading to increased stem cell renewal (e.g., the Jagged1/Notch pathway) and provokes accumulation of DNA damage. We propose that expansion of the stem cell compartment and induction of a mutator phenotype are relevant features underlying the leukemic potential of AML-associated fusion proteins.
Introduction
The pathogenesis of acute myeloid leukemias (AMLs) is linked to oncogenic fusion proteins, generated as a consequence of primary chromosome translocations or inversions (1) . Many different types of translocations have been described in AMLs, the most frequent being the t(8;21), t (15;17) , inv (16) , and t(9;11), which, taken together with their variants, account for approximately 40% of AML cases (2) .
Despite genetic heterogeneity, there is increasing evidence for common molecular and biological mechanisms in AMLs. In particular, one of the components of each fusion protein is invariably a transcription factor, frequently involved in the regulation of differentiation (3) . As a consequence, AML-associated fusion proteins function as aberrant transcriptional regulators with the potential to interfere with the processes of myeloid differentiation. Indeed, ectopic expression of different fusion proteins into hemopoietic precursors induces a state of partial refractoriness to terminal differentiation and increases cell survival (4) (5) (6) . It has been suggested, therefore, that AML-associated fusion proteins contribute to the leukemic phenotype by inducing a differentiation block: a biological activity consistent with the main phenotypic trait of AMLs (i.e., the accumulation of hemopoietic precursors blocked at particular stages of myeloid development).
Analysis of mice transgenic for various fusion proteins revealed, however, a more complex scenario. Transgenic mice develop leukemias after long latency, suggesting that while AML-associated fusion proteins induce a preleukemic state, other genetic events are necessary for progression to a frank leukemia (7) (8) (9) . It is unclear whether fusion proteins also induce a mutator phenotype, thereby favoring accumulation of further genetic alterations. In the preleukemic state, the myeloid compartment of the transgenic animals appears morphologically normal, and the only detectable abnormalities are an increase in the self-renewal capacity of hemopoietic progenitors and minor alterations of differentiation markers (8) (9) (10) . This suggests that the effect of AMLassociated fusion proteins on the differentiation program Acute myelogenous leukemias (AMLs) are genetically heterogeneous and characterized by chromosomal rearrangements that produce fusion proteins with aberrant transcriptional regulatory activities. Expression of AML fusion proteins in transgenic mice increases the risk of myeloid leukemias, suggesting that they induce a preleukemic state. The underlying molecular and biological mechanisms are, however, unknown. To address this issue, we performed a systematic analysis of fusion protein transcriptional targets. We expressed AML1/ETO, PML/RAR, and PLZF/RAR in U937 hemopoietic precursor cells and measured global gene expression using oligonucleotide chips. We identified 1,555 genes regulated concordantly by at least two fusion proteins that were further validated in patient samples and finally classified according to available functional information. Strikingly, we found that AML fusion proteins induce genes involved in the maintenance of the stem cell phenotype and repress DNA repair genes, mainly of the base excision repair pathway. Functional studies confirmed that ectopic expression of fusion proteins constitutively activates pathways leading to increased stem cell renewal (e.g., the Jagged1/Notch pathway) and provokes accumulation of DNA damage. We propose that expansion of the stem cell compartment and induction of a mutator phenotype are relevant features underlying the leukemic potential of AML-associated fusion proteins.
cannot be explained solely by their ability to block differentiation. Thus, further investigations are needed to characterize the biological contribution of AML-associated fusion proteins to the leukemogenic process in vivo.
A powerful approach to identify novel biological activities of AML fusion proteins is the characterization of their transcriptional targets through microarray analyses of patient samples. Analysis of blast samples with t(8;21), t (15;17) , and inv(16) has revealed a unique correlation between AML-specific cytogenetic aberrations and gene expression profiles (11) . Genes that are coregulated by different AML fusion proteins would not be identified by these studies, however, which are based on cluster analysis of different AML samples. To investigate common pathogenetic mechanisms in AMLs, we expressed different fusion proteins (AML1/ETO, which represents a fusion of the Acute Myeloid Leukemia 1 and the Eight-Twenty One gene products and is generated by the 8;21 translocation; PML/RAR, a fusion of the Promyelocytic Leukemia and the Retinoic Acid Receptor α [RARα] gene products, generated by the 15;17 translocation; and PLZF/RAR, a fusion of the Promyelocytic Leukemia Zinc Finger and the RARα gene products, generated by the 11;17 translocation) in the same genetic background and measured global gene expression using oligonucleotide chips. These experiments showed that a relevant number of regulated genes are targets of more than one AML fusion protein. Functional clustering revealed that AML fusion proteins influence the activity of genes involved in the control of diverse functions, including differentiation, cell survival, DNA repair, signal transduction, and several metabolic pathways. We further demonstrated that expression of AML fusion proteins activates Notch signaling through overexpression of the Jagged1 ligand, a function known to favor expansion of the hemopoietic stem cell (HSC) compartment. We also show that AML fusion protein expression can inhibit DNA repair function, suggesting that an increase in the rate of secondary mutations is a direct consequence of fusion protein expression.
Methods
Cell lines and samples. The U937 PML/RAR#9, U937 AML1/ETO-HA#9, and U937 PLZF/RAR#3 clones were generated by stable transfection of U937 cells with the corresponding cDNAs cloned in the pSG-MtNEO plasmid vector; single clones were selected with 750 µM G418 for 15 days. A bulk population of U937 cells transfected with the empty pSG-MtNEO vector (Mt) was used as the control. Unless specified otherwise, U937 cells lines were treated for 8 hours with 100 µM ZnSO 4 to allow expression of fusion proteins. These particular clones were chosen because they presented comparable levels of protein expression after induction. AML blasts and all cell lines were maintained in RPMI-1640 supplemented with 50 U/ml penicillin, 50 µg/ml streptomycin, and 10% FCS at 37°C in a humidified atmosphere containing 5% CO 2 . AML blasts and U937 PML/RAR were treated with 10 -6 M retinoic acid (RA) (Sigma-Aldrich, St. Louis, Missouri, USA) for 4 and 12 hours prior to RNA extraction, as indicated.
RNA extraction. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, California, USA) method, followed by clean up on RNeasy Mini/Midi Kit (QIA-GEN, Valencia, California, USA). For each of the four U937 cell lines (PML/RAR, AML1/ETO, PLZF/RAR, and Mt), three independent vials were thawed, and the ZnSO 4 inductions and RNA extractions were performed separately. An equal quantity of each of the three RNA preparations was then mixed to generate an RNA pool for each sample. Total RNA was extracted from CD34 + hemopoietic precursor cells (from healthy donors) purified using standard procedures and from AML blasts bearing t(15;17) or t(8;21) derived from Ficoll-purified bone marrow samples with more than 80% of the blasts collected at disease onset (prior to any therapy).
Affymetrix GeneChip hybridization. Biotin-labeled cRNA targets were obtained starting from 10 µg of total RNA derived from a pool of three different RNA extractions for each condition. cDNA synthesis was performed with a Gibco SuperScript Custom cDNA Synthesis Kit, and biotin-labeled antisense RNA was transcribed in vitro using the In Vitro Transcription System (Ambion Inc., Austin, Texas, USA) and included Bio-16-UTP and Bio-11-CTP (Enzo Life Sciences Inc., Farmingdale, New York, USA) in the reaction. GeneChip hybridization, washing, staining, and scanning were performed according to Affymetrix (Santa Clara, California, USA) protocols. Two copies of the entire HG-U95 chip set (HG-U95Av2, HG-U95B, HG-U95C, HG-U95D, and HG-U95E) were hybridized with each target. Absolute and comparative analyses were performed with Affymetrix Microarray Suite version 5 (MASv5) software, scaling all images to a value of 500. Results were further elaborated through replica analysis and statistical methods using software of our design (H. Muller, unpublished). Full details of microarray methods are available ("Supplementary Methods/Microarray Methods," ref. 12) .
Semiquantitative PCR. First-strand cDNA synthesis was performed using the Superscript Microchip Kit (Gibco-BRL; Life Technologies Inc.), starting from 5 µg of total RNA. To analyze patient samples, RNAs from five different individuals were pooled prior to cDNA synthesis. Each PCR reaction was performed using 1% of the cDNA sample. For each pair of primers, the number of cycles required to detect a clear signal in the linear range was determined. The reactions were performed in triplicate and run on a 1.5% agarose gel; the GAPDH gene was used to normalize different samples. All sequences of primer pairs and specific PCR conditions for each gene can be found in "Supplementary Methods/Semi-Quantitative PCR Protocols" (12) .
Real-time RT-PCR. Each 25µl reaction contained the following reagents: 0.5 µM of each primer (sequences selected with the use of Primer Express software; PE Biosystems, Foster City, CA), 12.5 µl of SYBR Green PCR Master MIX, 100 ng of template. Thermal Cycling Parameters were: 2 minutes at 50°C, followed by 10 minutes at 95°C, followed by 40 cycles of 15 seconds at 95°C, and 1 minute at 60°C. Each sample was run in triplicate. The mean value of the replicates for each sample was calculated and expressed as cycle threshold (C T , cycle number at which each PCR reaction reaches a predetermined fluorescence threshold, set within the linear range of all reactions). The amount of gene expression was then calculated as the difference (∆C T ) between the C T value of the sample for the target gene and the mean C T value of that sample for the endogenous control (GAPDH). Relative expression was calculated as the difference (∆∆C T ) between the ∆C T values of the test sample and of the control sample, Mt, for each target gene. The relative quantitation value was expressed and shown as 2 -∆∆C T. All sequences of primer pairs can be found in "Supplementary Data/Supplementary Methods/Real Time RT PCR primers" (12) .
Western blot analysis. U937 cell clones were harvested and lysed after 8, 12, 24, 36, and 48 hours of Zn + induction. Western blot analysis was performed using standard procedures. PML/RAR expression was evaluated using an anti-RARα Ab (C-20 sc-551; Santa Cruz Biotechnology Inc., Santa Cruz, California, USA), AML1/ETO expression was detected using an anti-HA Ab (Covance Research Products, Princeton, New Jersey, USA), Jagged1 expression was detected using antiJagged1 Ab (C-20; Santa Cruz Biotechnology Inc.), and lamin expression was detected with an anti-lamin B Ab (C-20 sc-6216; Santa Cruz Biotechnology Inc.).
Transactivation assay. HeLa cells were transfected with 200 ng of HES1 promoter-luciferase plasmid (pgl2-basic vector), 50 ng of pCMVβgal, and 200 ng of either CMV promoter-driven PML/RAR (pcDNA3PML/RAR), AML1/ETO (pcDNA3AML1/ETO), or the constitutively active mutant intracellular domain of Notch (ICD Notch; cyto hN1pcAMP) using the Lipofectamine Reagent (Invitrogen). Forty-eight hours after transfection cells were lysed with lysis buffer (25 mM Tris-HCl, pH 7.8, 2 mM DTT, 2 mM trans-1,2-diaminocyclohexane tetra-acetic acid (CDTA), 10% glycerol, 1% Triton X-100), and the luciferase activity was tested following standard protocols. Transfection efficiency was standardized with β-gal activity.
Comet assay. An alkaline single-cell gel electrophoresis (comet) assay was performed using the Trevigen comet assay kit (Trevigen Inc., Gaithersburg, Maryland, USA) according to the manufacturer's conditions. Control cells and cells expressing AML fusion proteins were treated with 200 µM methyl methanesulfonate (MMS) for 2 hours at 37°C, washed with ice-cold PBS, and finally rinsed with RPMI/10% FBS. An alkaline comet assay was performed 2 and 6 hours after the end of MMS treatment. Samples were stained with supplied SYBR green dye, and the slides were viewed using a Leica DMRXA epifluorescence microscope. Images were analyzed with the NIH Image program (Bethesda, Maryland, USA). At least 50 randomly chosen cells were analyzed per sample. The percentage of remaining MMS damage was calculated by comparison with the total score (100%) of initial DNA damage induced by MMS treatment (200 µM, 2 hours).
In vitro base excision repair assay. The procedures for preparation of plasmids have been described elsewhere (13) . Briefly, pGEM3Zf (+) single-stranded DNA (Promega, Madison, Wisconsin, USA) was annealed with genes were obtained, respectively (Table 1) . Cross comparisons of results identified 1,555 genes that are regulated in the same direction by at least two AML fusion proteins (AML common targets). Of these, 163 genes were predicted to be targets of all three fusion proteins, 276 were common to PML/RAR and AML1/ETO, 545 were common to PML/RAR and PLZF/RAR, and 571 were common to AML1/ETO and PLZF/RAR ( Figure  1b) . Of the 1,555 AML common targets, 245 (15%) are regulated concordantly by two fusion proteins and in the opposite direction by the third fusion protein ( Table 1) . The complete results of the microarray study are available (12) , including raw data, regulated probe sets, regulated genes, and common concordant targets. It appears that some genes are regulated only by one fusion protein, while others are concordantly regulated by two or all three fusion proteins. While the first group of genes likely reflects specific biological properties of each fusion protein or different characteristics of the cell lines, the common genes might represent common functions targeted by AML fusion proteins and universal pathways involved in myeloid leukemogenesis. Therefore, we considered for further analysis all genes concordantly deregulated by at least two fusion proteins.
To determine the reliability of microarray data, we validated 14 putative targets by semiquantitative PCR and found full concordance between GeneChip predictions and expression levels in the U937 system ( Figure 2a , Table 2 ). For a sizable fraction of the tested genes (4 of 14), more regulations were observed in the PCR assay than were expected from chip data, suggesting that the cohort of common targets may be larger than predicted.
We further investigated whether the U937 model system is predictive of patterns of gene regulation in AMLs by comparing levels of target gene expression in pools of RNA samples derived from control CD34 + hemopoietic precursor cells and t(15;17) or t(8;21) AML blasts, which harbor the PML/RAR and AML1/ETO fusion proteins, respectively. We observed a good degree of concordance of regulation in U937 PML/RAR cells and t(15;17) blasts and in U937 AML1/ETO cells and t(8;21) blasts (9 of 11 and 7 of 11, respectively; Figure 2b , Table 2 ). The existence of genes with discordant regulations may reflect developmental rather than genetic differences between AML blasts (promyelocytes or M2 myeloblasts) and CD34 + control cells (hemopoietic precursors).
Functional classification of AML common target genes. We next attempted a functional classification of the 1,555 AML common targets by collecting annotations and keywords from various Web-based sources (NettAffx: http://www.affymetrix.com/analysis/index.affx; EST annotation machine: http://bio.ifom-firc.it/EST_ MACHINE; Stanford Online Universal Resource for Clones and ESTs: http://genome-www5.stanford.edu/ cgi-bin/SMD/source/sourceSearch; GeneCards: http:// genome-www.stanford.edu/genecards/; and LocusLink: http://www.ncbi.nlm.nih.gov/LocusLink/). Functional information was available for 876 genes. Initial clustering was then performed through the use of a keyword-clustering program (http://bio.ifom-firc.it/ KW_CLUST) and available literature (http://www. ncbi.nlm.nih.gov/PubMed). Four hundred forty-nine genes were classified within ten major functional categories, whereas for the remaining 427 genes the available information was insufficient (see Table 3 for categories; complete results can be viewed in "Functional Classification," ref. 12). We then analyzed individual members of each functional class with the aim of identifying functional pathways or transcriptional regulatory networks of potential relevance for the leukemic phenotype. Next, we report the results of this investigation for members of two classes (hemopoietic differentiation and DNA repair), for which concordance among physiological function, transcriptional regulation by AML fusion proteins, and contribution to the leukemic phenotype was immediately obvious and informative.
AML fusion proteins repress genes involved in commitment/differentiation control and induce genes involved in the maintenance of the stem cell phenotype. The group of AML common targets involved in the regulation of hemopoietic differentiation includes 15 genes, 3 of which are induced and 12 repressed by AML fusion proteins (Table 4 ). All are expressed in normal hemopoietic cells, although with different patterns: induced genes are predominantly expressed in HSC and/or early progenitors, whereas repressed genes prevail in differentiating progenitors and/or terminally differentiated hemopoietic cells.
Strikingly, induced genes (BCL11A, LMO1, and JAG1) have been implicated in the maintenance of the stem cell phenotype, mainly self-renewal of HSCs (14-16), while repressed genes control commitment decisions and maturation of HSCs toward the granulocytic (C/EBP family (29, (32) (33) (34) .
Repression of CEBPα expression in AML1/ETO-expressing cells has been described previously (35) . We then validated ten of the regulated genes by RT-PCR using RNA samples derived from U937 cells expressing the various AML fusion proteins (BCL11A,
JAG1, LMO1, CEBPα, CEBPβ, CSF3R, ELF4, HCK, JUND, and NFE2). Results revealed concordance between
GeneChip predictions and expression levels in the U937 system ( Figure 2, c and d) . The seven downregulated genes (CEBPα, CEBPβ, CSF3R, ELF4, HCK, JUND, and NFE2) were repressed by PML/RAR and AML1/ETO, but not by PLZF/RAR (Figure 2d ), suggesting different effects of the latter on the commitment/differentiation programs of hemopoietic precursors. Notably, this observation is in agreement with the results obtained in transgenic mice. In fact, while PML/RAR and AML1/ETO induce a blastlike acute leukemia in mice, PLZF/RAR transgenic animals show leukocytosis, increased percentage of mature myeloid cells, and increased myeloid/lymphoid ratio, and they develop a condition that resembles human chronic myeloid leukemia (7) (8) (9) (10) .
To test the relevance of these gene regulations for the leukemic phenotype, we measured their expression levels after 4 and 12 hours of RA treatment of U937-PML/RAR cells, as compared with U937 control cells. RA treatment, in fact, reverts the differentiation block induced by PML/RAR in vitro and induces disease remission in the patients (3). Strikingly, for all genes tested, the deregulated expression caused by PML/RAR was counteracted by RA treatment, resulting either in expression levels that are similar to those found in control cells or to an inversion of the direction of the regulation (Figure 2e ). Expression levels for the same genes were also measured in RNAs extracted from blasts of two APL patients before and after 4 hours of in vitro RA treatment (Figure 2f ). All genes, with the exception of LMO1 and CSF3R, were regulated by RA treatment in a direction that is opposite that determined by PML/RAR expression in U937 cells. These data reinforce the hypothesis that commonly regulated genes are relevant to the leukemia phenotype and are directly involved in the RA sensitivity mediated by PML/RAR.
AML fusion proteins activate the Notch-signaling pathway. The predicted induction of JAG1 expression, taken together with the observation that other genes involved in Notch signaling are also AML common targets (LFNG, ADAM10, PARL, TLE2, and TLE3) , prompted us to analyze in greater detail the status of JAG1, for which direct implication in leukemia is not available. Jagged1 protein is expressed in bone marrow stromal cells and functions as a ligand for the Notch receptor, a critical factor in cell fate determination and maintenance of progenitor cells in many developmental systems (see ref.
36 for review). Notch-Jagged1 interactions cause an increase in the number of primitive precursor cells in normal murine bone marrow, characterized by high proliferative and multilineage potential and highreplating efficiency (16) . Notch signaling is modulated at various levels, including (a) multiple ligands (Jagged/Serrate-or Delta-type ligands) and receptors (Notch1-Notch4); (b) glycosylation of the extracellular domain of Notch by Fringe proteins (in particular, LFNG inhibits Jagged1-mediated signaling through Notch1) (37); (c) cleavage of Notch receptors at the cell surface through ADAM family metalloproteases and presenilins; (d) processing of the intracellular domain and its translocation to the nucleus; and (e) interaction with transcriptional regulatory proteins and activation of target genes, including HES family genes.
Expression of either PML/RAR or AML1/ETO fusion proteins in U937 cells results in a significant increase of JAG1 mRNA (as opposed to a modest increase in JAG2 and no significant modification of DLL1) and protein ( Figure 3, a and b) . LFNG mRNA expression (Figure 3c ) is strongly repressed by both fusion proteins, suggesting that AML fusions activate the Notch pathway in AMLs preferentially through the Jagged1 ligand. LFNG mRNA was strongly induced in APL blasts derived from two different patients (Figure 3d ) after 4 hours of treatment in vitro with 10 -6 M RA.
Coexpression in HeLa cells (Figure 3e ) or Phoenix cells (data not shown) of AML1/ETO or PML/RAR expression vectors with a Notch-responsive luciferase reporter gene (HES-Luc, which carries the luciferase gene under the control of the Notch-responsive HES1 promoter) resulted in a fivefold or tenfold increase of luciferase activity, respectively, comparable to that obtained by an activated ICD Notch 1 (eightfold increase). These results suggest that AML fusion protein expression results in specific activation of Notch signaling through the Jagged1 ligand.
We next performed RT-PCR to obtain a quantitative estimate of JAG1 and of LFNG expression in blasts derived from AML patients. In four of seven samples bearing t(8;21) and in six of seven samples bearing t(15;17), JAG1 mRNA levels were significantly higher than in CD34 + precursor cells, with average levels of induction of 9.8-fold and 2.8-fold, respectively ( Figure  3f ). LFNG expression in AML blasts was significantly decreased in six of six samples with t(8;21) and in five of five with t(15;17) samples, with average levels of repression of fivefold and 3.5-fold, respectively (Figure 3e) . Finally, we investigated the level of expression of the Notch1 target gene HES1 in AML blasts and found increased HES1 mRNA levels in six of seven samples with t(8;21) and in seven of seven samples with t(15;17), with average levels of induction of 2.7-fold and 3.4-fold, respectively (Figure 3f ). Interestingly, overexpression of HES1 in vivo has been reported recently to induce lymphoid and myeloid alterations (38) . It appears, therefore, that Notch signaling is constitutively activated in AML blasts. The activation of the Notch pathway by endogenously produced Jagged1 might provide a cell-autonomous mechanism of self-renewal, thus explaining the propensity of leukemic blasts to leave the bone marrow and invade the peripheral blood and other organs. AML fusion proteins induce a mutator phenotype. The second class of AML common targets that we report here are genes involved in diverse mechanisms of DNA repair. This class includes 17 genes that take part in various pathways. Strikingly, eight genes are involved in base excision repair (BER) (ADPRTL2, FEN1, OGG1, MPG, LIG3, POLB, POLD2, and POLD3). Null mutations of these genes in mice are often incompatible with life, and when they are not, they generally result in an increased sensitivity to mutagens and/or an accumulation of DNA damage (39, 40) (Table 5 ). All these genes are downregulated by AML fusion proteins, with the exception of POLB, which is induced (Table 5) . Interestingly, overexpression of POLB in human cell lines results in increased spontaneous mutagenesis (39) .
Validation of some of these regulations in the U937 cell system (ADPRTL2, OGG1, MPG, and LIG3) or in AML patient blasts (OGG1 and LIG3) confirmed the GeneChip predictions (Figure 4, a and b ). Therefore, we tested U937 cells expressing PML/RAR or AML1/ETO for DNA repair efficiency using two approaches. First, we analyzed by single-cell gel electrophoresis (COMET assay) the ability of U937 cells expressing PML/RAR or AML1/ETO to repair DNA damage induced by MMS (which causes single-strand DNA breaks). In this assay, damaged DNA is visualized by gel electrophoresis through the appearance of low-molecular-weight fragments or comets. A significant reduction in DNA repair was observed in PML/RAR cells 6 hours after interruption of MMS treatment, whereas AML1/ETO cells showed a more modest increase in comet tail moment when compared with control cells (Figure 4, c and d) .
In a second approach, we measured the ability of lysates from U937 cells to repair 8-oxoG, one of the most frequent endogenous DNA lesions, usually repaired by the BER pathway. Repair replication experiments were conducted using cell extracts and DNA plasmid substrates that harbor a single 8-oxoG (pGEM 8-oxoG) located centrally (fifteenth nucleotide) within a SmaI/Hind III 33-mer restriction fragment (Figure 4e, bottom) . DNA plasmid substrates harboring a single 8-oxoG within a SmaI/HindIII 33-mer restriction fragment were incubat- ed with the various cell extracts recovered after the BER reaction, treated with appropriate restriction endonucleases, and separated by gel electrophoresis. Whereas the presence of radiolabeled 33-mer fragments reflects completed repair events, the presence of radiolabeled 15-to 32-mer fragments indicates the persistence of unligated intermediates of BER. In the case of control Mt cells and cells expressing PML/RAR (Figure 4e ), all repair events were efficiently completed at all incubation times. In contrast, cells expressing AML1/ETO displayed a ligation defect, with an average of 5.5% and 12.5% repair patches remaining unligated after 1.5 and 3 hours of incubation time, respectively (Figure 4, e and f) .
In conclusion, the two assays unraveled partial DNA repair defects in both PML/RAR-and AML1/ETOexpressing cells, suggesting that the specific molecular mechanisms primarily targeted by the two fusion proteins may be different, but that, in both cases, they could provoke accumulation of DNA mutations or lesions.
Discussion
We have investigated the transcriptional targets of three AML-associated fusion proteins and demonstrated that, despite molecular heterogeneity, they have a common set of target genes seemingly relevant for transformation, implying that leukemogenesis involves deregulation of common molecular mechanisms. Discovering these pathways may allow identification of common targets for antileukemic strategies, bypassing the great molecular heterogeneity of leukemias in humans. Furthermore, we showed that functionally related genes are coherently regulated by AML fusion proteins. Regardless of their relevance to the transformation process, these peculiar transcriptional phenotypes suggest the existence of hierarchical mechanisms of transcriptional regulation for groups of functionally related target genes. While genes that act as master transcriptional regulators of differentiation have been hypothesized previously, this is unexpected for DNA repair genes. Finally, our results provide evidence for the existence of novel biological activities of AML fusion proteins, which might be relevant for the leukemogenic process (i.e., the induction of a stem cell phenotype and the induction of a mutator phenotype).
The induction of genes involved in the maintenance of the stem cell phenotype might account for the modest effects of AML-fusion protein expression on hemopoietic development during the preleukemic phase of transgenic mice (7) (8) (9) (10) . Ligand activation of Notch in murine marrow precursors slightly (twofold to threefold) increases the generation or maintenance of very early precursors or stem cells, while it does not affect differentiation of mature myeloid cells (16) . AML fusion proteins might stimulate the machinery for self-renewing cell divisions of target cells, therefore provoking a slight expansion of the stem cell compartment. An increased pool of stem cells might compensate the phenotypic consequences of the simultaneous repression of differentiation/commitment genes, creating a preleukemic hemopoiesis with minor or no morphological abnormalities.
The expansion of the stem cell compartment by AML fusion proteins might increase, per se, the likelihood of incoming mutations. AML fusion proteins, however, repress the expression of several DNA repair genes, suggesting that they induce genomic instability. Indeed, genetic alterations of various DNA repair genes are associated with cancer predisposition in humans (40) . Most frequently they involve genes of the homologous recombination and double-strand break-repair pathways and are associated with multiple chromosome aberrations. Leukemias have a low frequency of complex cytogenetic aberrations, and AML fusion proteins downregulate mainly genes of the BER pathway. BER deals with small chemical alterations of bases and is, therefore, particularly relevant for preventing mutagenesis. We propose, therefore, that the inhibitory effect of fusion proteins on BER is responsible for a specific type of genetic instability in leukemias that causes the accumulation of DNA mutations and progression of the leukemic phenotype. 
